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Tissue culture studies usually depend for their interpretation on the avail- 
ability of a method of evaluating the behavior, and particularly the amount 
of growth of the culture. As a preliminary to such an estimate a suitable de- 
finition of growth must be adopted, because  growth in the culture is made 
up of various phenomena some of which may vary independently of others. 
These questions were considered by Cunningham and Kirk (1) and systematic 
studies of the behavior of growing cultures reported by Tompkins, Cunningham, 
and Kirk (2). It is clear that various definitions of growth as applied to tissue 
culture have been made and that the various methods used in its measure- 
ment did not always measure the same growth function. 
As a  practical working  definition of growth, the present authors chose to 
consider  it as an increase  in metabolizing protoplasm over the amount im- 
planted. Experimental demonstration of this effect is not simple, but if any 
constituent of reasonably constant occurrence  in  the metabolizing parts of 
living animal tissue  were  assayed, and if this showed  a  continued increase 
in its amount at successive periods of time, and if the total were greater than 
the amount implanted, it would seem to be a satisfactory criterion of growth, 
both qualitatively and quantitatively in the comparative sense. To determine 
these  materials would  require  destruction of  the  tissue.  Multiple  cultures 
and statistical treatment of the results would then be necessary.  Numerous 
attempts to achieve  this type of chemical assay have been made by various 
investigators. 
Brues,  Rathburn, and Cohn  (3)  described  a  method for estimating total 
growth in a  tissue  culture by measuring the depletion of phosphorus from 
the culture medium. Willmer (4) estimated the extent of growth by measuring 
the increase in nucleoprotein phosphorus,  and showed good agreement between 
the dry weight and the nucleoprotein phosphorus content in osteoblast cultures 
in 15 per cent embryo extract. Fibroblast cultures, on the other hand, showed 
a  steady drop  in  the  nucleoprotein  phosphorus  content in  fourth passage 
cultures in 30 per cent embryo extract. More extensive studies of the nucleo- 
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protein phosphorus  and its fractions,  as a  measure of growth,  were made by 
Davidson and Waymouth (6) and Davidson (7). This question was more com- 
pletely investigated by  the  present  authors  and is  reported in  this paper. 
EXPERI'M'ENTAL 
Culture  Technique 
All cultures made use of the hearts of chick embryos 8 to 9 days old, and weighing 
4  to  10 mg. They were weighed, cut, and implanted in roller tubes according to the 
technique described by Signorotti, Hull, and Kirk (8). One-tenth ml. of dilute (1:9) 
chicken plasma was used for the clot. The roller tube was placed in a  rotor similar 
to that described by White (9) and rotated in an incubator at 38  +  I°C. Embryo ex- 
tract made as described by Tompkins et aI.  (2) and horse serum  t  were used in  the 
culture medium. The latter was changed at 48 and 96 hours in all cultures. Volumes 
were uniformly 4 ml. 
Separation of Nucleic Acid Fractions 
The nucleic acid fractions of the culturewere analyzed chemically by the method of 
Sdlmidt and Thannhauser (10), slightly modified: Each culture was carefully washed 
three times with 1 ml. of isotonic saline to remove all residual culture medium. After 
cooling in a refrigerator at 0-4°C., 1 ml. of cold 10 per cent trichloroacetie acid (TCA) 
solution was added. Mter 10 minutes' extraction, the supernatant was faltered through 
a micro Buclmer filter and the extraction repeated once more. The tissue was washed 
three times with 5 per cent TCA and the phospholipids were removed by Schneider's 
method (11) except for the substitution of filtration for centrifugation. The filter paper 
and precipitate were transferred back to the culture tube, 1 ml. of 1 N NaOH solution 
was added, and the tube incubated for 18 hours at 37°C. The soluble materials were 
washed out with 1 N Na0H to a  centrifuge tube, cooled to 0-4°C., and neutralized 
with cold 6 N HC1 solution. To the resulting solution was added {t volume of cold 30 
per cent TCA solution and the mixture placed in the refrigerator for an hour to pro- 
duce a  more flocculent precipitate of DNA. The precipitate was  settled by centri- 
fuging and the supematant containing hydrolyzed RNA was drained through a filter. 
The precipitate was washed with 5 per cent TCA solution, and both fractions analyzed 
for phosphorus. 
Determination of Nudeic Acid Phosphorus 
The phosphorus of the nucleic acid fractions was determined by the Berenblum 
and  Chain  (12)  method,  slightly modified. Each  sample was  digested in  a  micro 
Kjeldahl flask with  1 ml. of concentrated HNOs for 2½ hours, removed, and cooled. 
To it was added two drops of 60 per cent HCIO4,  after which the digestion was con- 
tinued over a low flame for 20 minutes. By increasing the heat, the solution was then 
evaporated almost to dryness, cooled, and diluted with 0.3 to 0.4 ~ HzSO~ solution to 
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a  volume such that the phosphorus  concentration was  between 2 and 5 ~, per ml. 
Any samples containing less than 5 "r phosphorus  per ml. were washed directly into 
the extractor of Kirk and Danielson  (13) with 2 ml. of 0.2 ~ H~SO4, which served to 
dilute the strong acid of the sample, and analyzed according to the general procedure 
of Berenblum and Chain. The light absorption was measured in the Beckman spectro- 
photometer at 720 nag. Both nucleic acid fractions were determined directly instead 
of by difference as originally described. The phosphoprotein phosphorus  was not re- 
moved from the  ribonudeic acid  fraction. 
RESULTS 
The  nucleic  acid  content  and  its  fractions at  different  stages  of  growth 
were studied with four series of cultures, on which were also studied the uptake 
of radioactive tracer P~ by the entire culture, and by the individual nucleic 
acid fractions of the culture. The results of those investigations are the subject 
of the succeeding two papers of this series. By determining three different fac- 
tors and their interrelationship with the same cultures, considerable additional 
information became available. The results were directly comparable, and no 
assumptions about the identity of the culture method, or the nutrition of the 
cultures were necessary. 
Three series were set in "standard medium" containing embryo extract, 20 
per cent (1:1 with Tyrode's solution), horse serum, 40 per cent, and Tyrode's 
solution, 40 per cent. The remaining series studied simultaneously made use 
only of Tyrode's solution as  the fluid phase.  Earlier results with Tyrode's 
solution were used for comparison. Agreement between  the behavior in  the 
earlier and later series was found. 
When Tyrode's solution was the sole constituent of the fluid nutrient,  the 
ribonucleic acid fraction (RNAP) as measured by the phosphorus content de- 
creased consistently as shown in Fig. 1 for a period of about 72 hours to only 
36 per cent of its zero time value. It then increased slightly, reaching a value 
of about 42 per cent at 144 hours. 
The  results  of  analysis  of  the  desoxyribonucleic acid  fraction  (DNAP), 
shown in Fig. 2, show a distinct contrast in the rapidity of loss of this material. 
The decrease was slow and relatively uniform, the final amount at 144 hours 
being about 65 per cent of the initial quantity present. It is clear that in cul- 
tures which lack  adequate nutrition,  the fluctuation and loss of DNAP  are 
less than those of RNAP which is known to be more active in general metabo- 
lism. The stability of the former compound under possibly necrotic conditions 
can then be considered to be greater than that of the latter. 
When the standard medium was used to provide adequate nutrition for the 
cells, an initial drop in the total nucleic acid to about 73 per cent of its zero 
time value was noted in the first 24 hours. The behavior of the fractions is 
shown in Figs.  1 and  2.  It will be noted that both fractions after an initial 330  TISSUE  CULTURE  STUDIES.  II 
drop in the first 24 hours, showed a steady and consistent rise up to about 144 
hours when the  observations were terminated.  Furthermore,  with  both frac- 
tions  the final  values reached were distinctly higher  than  the initial values; 
i.e.,  the  total nucleic acid  had increased 47 per cent above the initial value. 
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FIG. I. Ribonucleic acid  phosphorus v per milligram implant tissue. 
x  ,  standard  medium;  ×  ffi  mean. 
.... o .... , Tyrode's solution; o  -  mean. 
4,  6,  12,  etc., number of samples used for calculating the mean. Vertical line in- 
dicates range for 95 per cent of the cases (22). 
This can only mean that growth, as it is defined earlier in this paper, occurred, 
and the regularity and smoothness of the increase can be interpreted as sub- 
stantiation of a  parallelism between the synthetic growth process and its re- 
flection in  the  nucleic  acid  fractions.  The  cultures  showed  the  usual  visible 
signs of healthy behavior including the formation of a  growth ring which effec- 
tively filled  the  clot,  and  which  showed  the  normal  appearance  of healthy 
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The ratio RNAP/DNAP was calculated for each time interval  at which 
analyses were made. A strong tendency toward  constancy of the ratio was 
found, as shown in Table I. Values higher than the zero time value were found 
at 48,  72, and 96 hours,  the period of most  rapid growth, and lower values 
were obtained at 24, 120, and 144 hours. The ratio at 24 hours was about the 
same for the tissues in both Tyrode's solution and standard medium. The sig- 
nificance of the above findings may be inferred as indicating a relative con- 
stancy of ratio in healthy developing  tissue  which is not changed greatly as 
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FzG. 2. Desoxyribonucleic  acid phosphorus ~ per milligram implant tissue. 
Symbols same as in Fig. 1. 
between the embryo and the culture of embryonic tissue.  In a  recent note, 
Davidson, Leslie, and Waymouth (14) state that cultures show rapid increase 
in RNAP when embryo extract and serum are added with less pronounced 
increases in DNAP after a period of 24 to 48 hours' rotation in Tyrode!s solu- 
tion. The implied increase in RNAP/DNAP may well be due to replacement 
of R_NAP following the preliminary starvation of the tissue and not be a major 
factor in normal growth over extended periods. This is in agreement with the 
fact that RNAP is metabolically more active than DNAP. Some indications 
of an increased ratio during most rapid growth are given by our data and are 
in accord also with the work of Novikoff and Potter (15) who studied this 
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The arbitrary definition of growth as an increase in mass of living tissue (1) 
does not necessarily include such aspects of tissue behavior as mitosis or differ- 
entiation.  The determination of the living portion of tissue is complicated by 
changes in the content of water, glycogen, and storage fat. Possibly more im- 
portant in experimental work is the necrosis of tissue implant, the constituents 
of which cannot easily be excluded in analysis of those materials in living cells 
of the culture. To avoid short-term effects such as non-isotonicity of medium, 
it  seems  desirable  to  measure  each  constituent  studied  over a  considerable 
time, and to demand that its slope be positive over the longer interval before 
concluding that growth has occurred.  If its final content was not higher than 
it was initially,  it would be doubtful whether the  tissue mass had increased. 
The  finding  that  a  substance  which  is  a  reasonably constant  constituent  of 
TABLE  I 
Ratio Ribon~ldc Acid Phosphorus*/Desoxyribonucleic Acid Phosphorus 
Time  Standard medium  Tyrode's solution 
]tr$. 
0 
24 
48 
72 
96 
120 
144 
5.72 
4.84 
6.10 
7.06 
6.24 
5.48 
5.38 
5.72 
4.96 
3.82 
2.36 
2.66 
3.75 
* Ribonucleic acid contains phosphoprotein phosphorus. 
living protoplasm had increased over a  considerable portion of the  total cul- 
ture time, leading to an amount greater than that implanted, would be suffi- 
cient proof of growth as it is here defined. 
Neither  fraction  of nucleic  acid  can  be  considered  to  have  a  reasonably 
constant  distribution  throughout  the  protoplasm.  Desoxyribonucleic  acid 
should measure the cell nuclei, and be affected primarily by proliferation. The 
common assumption that ribonucleic acid is primarily found in the cytoplasm 
would  imply that  it is a  better measure of cell size,  or total cell mass. The 
tendency toward constancy of the  ratio of the  fractions found here may in- 
dicate a more fundamental significance to the fractions than would be assumed 
from their known distribution in the cell. 
A  further limitation  of this  hypothesis  is introduced  by the  initial  fall in 
the  content  of RNAP,  most  of which  occurred  during  the  first  6  hours  of 
culture and which was probably due  to tissue damage. Cohn and Brues  (16) 
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could be observed in cutting and transferring. The methods for setting cultures 
as  described by Signorotti, Hull,  and Kirk  (8)  minimize  the loss in  cutting 
and transferring, but allow and enhance the expectation of recording this loss 
when the tissue has been bathed in a fluid medium and rotated for a period of 
time. Berenblum, Chain, and Heatley (17), Willmer (4), and Davidson (7) ex- 
pressed the belief that the loss of nucleic acid can be explained in part by tissue 
damage. It would seem that the tissue should be washed and the initial time 
taken after washing. Davidson and Waymouth (5, 6) did this but it was then 
necessary to decide on the extent of washing so as to ascertain when the wash- 
ing had completely removed materials due to tissue damage with a minimum 
of loss  from other causes such as loss of ceUular material  to  an  insutficient 
medium. There is  the possibility that  the system increases the amount of a 
substance by replacement of loss due to tissue damage and is not a  process 
which increases number or size of cells.  For this reason the inclusion of the 
condition that the final amount of substance formed must be greater than that 
initially implanted is essential. 
The low ratio RNAP/DNAP  at  24 hours with both adequate and inade- 
quate media suggests that the RNAP is more affected by implanting of the 
cells than is the DNAP. This may be due to inadequate nutrition (5)  or to 
some  other disturbance  associated with  the  change  from in  vivo  to  in  vitro 
conditions. That there may be significant differences in the ceils of the implant, 
which is possibly necrotic and those of the growth zone would be expected. 
This  question  has  been  discussed  by  Fischer  (19),  Brues,  Rathburn,  and 
Cohn (3), Hanks (20), and others. Since there are no data available as to the 
amounts of the two types of nucleic acids in the various zones which one may 
assign  to  a  tissue  culture,  only inferences can  be  drawn.  Chemical analysis 
after dissection of the implant and growth zones would provide further infor- 
mation. Histological localization of desoxyribonucleic acid (21) might also pro- 
vide some clarification. It certainly appears that the nucleic acid fractions did 
parallel the growth of the cultures in these experiments and that their content 
is related to growth of the culture, possibly in a quantitative manner. 
In evaluating various media which have not previously been studied it may 
not be necessary to require that growth occurs. It would appear possibly better 
to compare each such medium with an arbitrary base line using the results of 
chemical analysis of  some  cellular constituent  as  the  basis  of  comparison. 
Thus,  the medium which is  completely inadequate  for growth as  it  is  here 
defined might still be evaluated in terms of the effect it has on the culture. 
Probably the behavior of the culture in Tyrode's solution is as good a criterion 
to use as any, although isotonic salt solution might serve. For the chemical 
substance  analyzed nucleic acid,  or better,  its fractions would appear to  be 
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SUMMARY 
The content of ribo- and desoxyribonucleic acids in chick heart cultures at 
regular intervals after implanting has been  determined both with standard 
culture medium and with Tyrode's solution alone. 
With an  inadequate medium, both nucleic acids  dropped  in  a  consistent 
manner but ribonucleic acid was affected to a much greater extent. 
When the medium was adequate for growth, both fractions rose smoothly 
and paralleled each other closely, after an initial drop. The final content of 
each fraction was markedly higher than the amount present in the original 
implant. 
The fundamental definition of growth and the relationship of these data to 
it are discussed. 
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